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ABSTRACT 


i 


This thesis introduces the effect of the loss to the 
homogeneous finline strip model. The expressions for the Quality 
Factors associated with the ohmic losses for inductive strips in 
homogeneous finline are derived and included in the CAD compatible 
circuit model in terms of the finite Q inductances. It is shown 
that the lossy circuit models more accurately predict the 
experimental response of an X band finline filter 
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I. ZMTRODnCTXON 


A.. BACKGROUND 

Integrated finline was first introduced as a low-loss 
transmission line by Paul J. Meier in 1974 [Ref-l]- Finline is 
superior to microstrip in many respects for millimeter 
wavelengths. Advantages include low-loss, low-cost, suppression 
of higher mode propagation, wide useful bandwidth, simple 
interfacing with waveguide circuits and eased production 
tolerances 

Since finline has many advantages it has found a wide range 
of applications in millimeter wave engineering. A unilateral 
finli.ne configuration is shown in Figure 1 below. 


Met&I Fins 



Figure 1. Unilateral fmline configuration. 









In its most general form, finline has metallic fins printed 
onto a thin dielectric slab that allows the process, ing of complex 
millimeter wave circuits on a single dielectric substrate. The 
substrate is then inserted in the electric field plane of a 
dominant mode rectangular waveguide. The finline structure where 
no dielectric siabstrate is used is called homogeneous finline. 

Figure 2 shows an inductive strip in a finline structure. 
It is a primary element used in the design of finline filters. 


Inductive strip 



Figure 2. Inductive strip discontinuity in a tuulateral finline. 

For practical applications of this important finline 
discontinuity, simple and accurate equivalent circuit models were 
developed by Jeffrey B. Knorr. These are well suited for CAD 
[Ref.2] . 

Figuje 3 presents one cf the circuit models for the inductive 
strip itt homogeneous finline [page 28 in Ref.2]. It simply 
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consists of two below-cutoff waveguide sections representing the 
space on each side of the strip extending up to the guide wall and 
two inductances '..hat model the strip edge discontinuity. 



Figure 3. Circuit model for an inductive strip in a homogeneous finline. 

B. REXATEO WORK 

Numerous studies of finline and the inductive strip 
discontinuity have been conducted by Jeffrey B. Knorr and his 
thesis students in the last decade at the Naval Postgraduate 
School. 

The first study describes the spectral domain analysis of 
finline and was published by Knorr and Shayda in 1980 [Ref.3]. 
A thesis by Kim presents the equations and computer program 
listing for the generation of the numerical data [Ref.4]. 
Spectra.! domain analysis of scattering from an inductive strip in 
finline was described by Knorr and Deal in 1985 [Ref.5]. A 
compute) program described in Deals thesis was used to generate 
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numerical scattering coefficients for the strip discontinuity 
[Ref.6 ]. 

The equivalent circuit models for a lossless inductive strip 
in homogeneous finline, on which this thesis is based, were 
described by Knorr in his 1988 and 1990 technical reports [Ref.7- 
2 ] . 


C. POBPOSB 

The losses associated with the inductive strip in homogeneous 
finline are the TEk, mode ohmic losses due to the finite surface 
resistivity of the metal walls in the below-cutoff sections and 
the higher order mode ohmic losses associated with the currents 
generated by the strip edge discontinuity. The purpose of this 
thesis is to develop analytical expressions for the inductive 
strip losses in homogeneous finline; to include the effect of the 
loss in the equivalent circuit model and to establish the validity 
of the model by demonstrating better agreement between the 
experimental and predicted scattering response of a lossy X-band 
finline filter. 

Chapter II of this thesis describes the derivation of the 
power los.s expression in a semi-infinite waveguide below cutoff. 
Chapter III describes the derivation of the Quality Factor for the 
below cutoff waveguide section. Chapter IV describes the 
derivation of the leading edge loss and related Quality Factor 
expression.. Chapter V describes the introduction of the loss to 
the equivalent circuit model of the inductive strip, and finally, 
Chapter vi presents conclusions and recommendations for future 
studies 
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II. LOSS IN A SKMI-INTINITB NAVIGUIDB BBLOft CUTOrr 


The loss concept for the inductive strip in homogeneous 
finline can be analyzed in two parts; wall losses, and the edge 
losses. 

Associated wall losses occur in the regions that are modeled 
by the two below-cutoff waveguide sections in Figure 3. In this 
chapter, the power loss term in a semi infinite below-cutoff 
waveguide will be developed for further circuit modeling. 

A. A DISCUSSION ON THE ABOVE AND BELOW CUTOIT WAVEGUIDE HODES 

Figure 4 shows a rectangular waveguide which is a hollow 
metallic pipe, with a rectangular cross section of inner 
dimensions a and b. As a single conductor system, a rectangular 
waveguide cannot support TEM waves which need two or more 
conductors. It is capable of supporting TE and TM modes. 

The cutoff frequency for a rectangular waveguide can be 
defined as the minimum operating frequency at which propagation 
of energy is possible without severe attenuation. In the above¬ 
cutoff region the propagation constant, y=a+/P, of a lossless 

guide is imaginary. Practically, attenuation of the fields occurs 
from the dissipative loss due to the finite resistivity of the 
imperfect metallic walls and finite conductivity of the imperfect 
dielectric insulator. These losses cause the propagation constant 
to become complex with real part a>0. In the below-cutoff region 
where fieguencies from zero frequency to the cutoff frequency are 




Figure 4. Rectangular waveguide structure. 

included, the propagation constant,y , of a lossless guide is 

real. Below-cutoff modes are called evanescent waveguide modes 
and can be represented by ncn-propagating, localized 
electromagnetic fields with amplitudes that decay rapidly due to 
the real propagation constant as a function of distance. 
Practically, at a moderate distance from the interface the only 
existing mode is the TEio evanescent mode. All other evanescent 
modes are attenuated severely in shorter distances due to their 
larger propagation constants relative to TEio evanescent mode. 
Since the below-cutoff guide walls are not perfect conductors the 
confined fields (evanescent modes) will suffer ohmic losses. 
Further discussion of evanescent modes is given in Chapter III, 
Part A. 
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B. BITLIiCTION OOBITICIBHT AT A BOUNDARY BBTNBBN THE ABOVE AND 
BELOW CUTOrr SECTIONS 

Figure 5 shows a lossless semi-infinite rectangular waveguide 
consisting of two regions that are filled with dielectric and air. 
This dielectric discontinuity is used to excite evanescent TEio 
mode in the air region. The further analysis shows that the Q 
factor derived for below-cutoff air region is independent of the 
dielectric constant of the dielectric region. 

For TEio mode propagation, the cutoff frequencies for the 
dielectric region (Region 1) and the air region (Region 2) are 
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cutoff whereas the air filled section is below cutoff for the TEm 
waveguide mode. 

The characteristic impedance for the dielectric region is 
real and is given by, 





h. 




M 


f 2 

l-(^) 


(3) 


The characteristic iirpedance of the air region is imaginary and 
is Zo 2 “jXo 2 where. 





(4) 


By utilizing the characteristic in^edance of each region, the 
reflection coefficient at the boundary can be derived as, 




X 

=1 Z(2arctan(—)) 
Ki 


(5) 


where, 



f 2 

f 2 

C-f) -1 


( 6 ) 
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In reality, due to the finite conductivity of the walls in 
the air filled section, the evanescent TEu, mode suffers 
dissipative loss. Under these circumstances the characteristic 
impedance looking into the below cutoff guide is not purely 
imaginary but has a real part that accounts for the ohmic losses, 
and is defined as Zo 2 =Ro 2 +jXo 2 • Using this definition of the 
characteristic impedance, the reflection coefficient at the 
boundary between the above and below cutoff sections assumes a 
value which is slightly less than unity. The reflection 
coefficient with loss is given by, 

where, 

I r' |2 < I r 

and the transmission coefficient at the interface z=0 is 

1 T |2=(I-| r' |2)>0 . 

The results obtained above show that at the boundary some of 
the energy is transferred to the air region and the TEio evanescent 
mode is set up by the TEjo propagating mode in the dielectric- 
filled region. 

C. FIELD EXPRESSIONS 

1. Field for the ebove-cutoff region 

In the structure shown in Figure 5, the TE^g dominant mode 
is excited at operating frequency f where f^i<f<fj 2 * region 1 
the propagation constant is imaginary if the attenuation of fields 
due to the ohmic losses are ignored. It is expressed as. 
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( 10 ) 


Yr/Pi 


where the phase constant is, 




i-hf- 


(11) 


The electromagnetic wave pattern in the dielectric region 
is the superposition of the forward and the reflected waves that 
are propagating in the 2 and -2 directions, respectively. Hence, 
the electric field for region 1 may be expressed as. 


' a a 


( 12 ) 


The corresponding magnetic fields can be obtained by using 
the general relationship. 




(13) 


Taking the curl of the electric field vector yields. 


_ i a£, a£ _ a£v as _ a£ a£_ 


wji ay dz 


dz dx ^ dx dy 


(14) 


Since the TE^o mode has only a transverse electric field 
component in the y direction, the partial derivatives of the other 
electric field components can be dropped from Eq.l4. This gives. 


w\x dz ax ^ 


a£ . _ a£„_ 


(15) 
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Thus, 


H =—i _zi 

"xl a. 

wn dz 


( 16 ) 


H =JL^ (17) 

wiji ac 

and substitution of Eq.l2 into Eq.l6 and Eq.l7 and taking the 
partial derivatives in the given directions yields the final 
expressions for the longitudinal and transverse magnetic field 
components as, 

(18) 

wu a a 


/f =J_[A: (£ cosH«--'P'*+r£',.cos—e*•''*'*)] . (W) 

* wji fl a 

2. ri«ld ea^resslons for tb« bolow-outoff xoglon 

As stated in previous sections, the transmitted portion 
of the TEi„ waveguide mode from the above cutoff region establishes 
the TEii, evanescent mode in the below-cutoff region. In the 
lossless case, it is attenuated with a real propagation constant 
that can be expressed as, 

, .2” /.! J.| (20) 

’’ M /' 

ftctually, this expression should have an additional term 
to acccniit for the ohmic losses on the metal waveguide walls. 
Since this term is small relative to the cutoff decay a 
perturb?'! ion approach will be used. 
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The electric field expression for the lossless below- 
cutoff section is given by, Eq.21 where subscript t denotes the 
transmitted field. 

( 21 ) 

Continuity of the tangential electric field across the 
boundary at z=0 requires that Eyi=Ey 2 or, 

+r£„sin—=£,jSin— . (22) 

a a a 

Thus, 

£^=£,,(1+D . (23) 

Using this equation in Eq.21 yields the expression for the 

electric field in the below cutoff region as, 

£y2=£u(l+r)sinHe-V (24) 

The magnetic field expressions are obtained by applying 
the same method that was used in region 1. This yields, 

« (25) 

^ w\ii dx 

(26) 

^ ■w\i dx 

Substituting Eq.24 into Eq.25 and Eq.26, the expressions 
for the transverse and longitudinal magnetic fields are obtained 
as 
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( 27 ) 


H^=-LkE.n +DCOS—e'"** 
wu a 


+r)8in—e'"'*' 

wii a 


(28) 


D. TOTJkL PONIR LOSS IN TBS BSLON-COTOIT BBOION 

1. A dlsouaslon on tho skin of foot, •turfaoo ourronts, •urfnoo 
roalstanco, and powar losa 

Good conductors such as metals can be characterized by 
their very low intrinsic impedance and high attenuation, hence an 
electromagnetic wave is attenuated very rapidly in a metal medium 
as it attempts to propagate. The penetration depth in which the 
electromagnetic wave decays to 1/e (37 %) of its initial surface 
value is defined as skin depth, 8^ . In this manner, the currents 

induced by the propagating fields associated with the waveguide 
mode, flow in the inner surface layer of the metallic waveguide 
walls due to the skin effect and are treated as surface currents. 

Surface currents on the waveguide walls are induced by the 
tangential magnetic field components of the electromagnetic wave 
and are given by, 

( 29 ) 

where n is the unit vector normal to the metallic wall and pointed 
toward the inside of the waveguide. 
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In practice, the assumption of perfectly conducting metal 
walls is not true. Finite conductivity of the metal walls causes 
ohmic losses which results in the attenuation of the 
electromagnetic wave. Assuming that the wall currents are 
uniformly distributed over a thickness of one skin depth, the 
resistance applied to the current flow across the cross-sectional 
area of one -unit-square of the inner layer of the waveguide walls 
can be defined as surface resistance and is given by, 

where o andO^ represents the conductivity and the skin depth of 

the material respectively. 

Power loss for a 
waveguide wall is obtained by 
evaluating the integral below, 

(31) 

in this expression the product 
of the magnitude square of the 
current density with surface 
resistance represents the power 
dissipated per unit area at a 
■point on the waveguide wall. 

The surfar-e integral of this product over the total wall area 
gives th<e total power loss in the wall. The concepts that were 
discuss*"' in this section are demonstrated in Fig.6. 



Figure 6. Cross-sectional waveguide layout 
shows the current flows. 
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2. Surface currants Inducad In tha balow-outoff ragion 

Surface currents, that are induced in the below cut-off 
region by the tangential magnetic field components of the TEjo 
evanescent mode, are obtained for each wall by utilizing Eq.29. 
Fig.7 illustrates the unit vectors normal to the waveguide walls 
in the cross-sectional plane, 
a. Top WMll 

The transverse 
and the longitudinal 
magnetic field components 
are both tangential to the 
top wall, hence the 
corresponding surface 
currents flow in both 
transverse and longitudinal 
directions on the top wall 

where y=b and 
Rewriting Eq.29, 

( 32 > 

and substituting Eq.27 and Eq,28 into Eq.32 yields the expression 
for the induced surface current density on the top wall. 




Figure 7 Unit vectors for the waveguide walls 
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b. Bottom frail 


Like the top wall, the transverse and the longitudinal 
magnetic fields are tangential to the bottom wall where the normal 
unit vector points in the opposite direction. This indicates the 
same magnitude but the reverse direction surface current flows on 
the bottom wall with respect to the top wall. Substituting the 

values of y=b and n^cT into Eq.29, 

Comparing Eq.34 with Eq.32 yields, 


(34) 


(35) 


c. Loft noli 

Since the discontinuity of the perpendicular magnetic 
fields on the conductors requires the magnitude of the transverse 

magnetic field to be zero on the left wall (x=0,n=flj), the surface 

current on this wall is induced only by the longitudinal magnetic 
field and flows in the transverse direction. The surface current 
density for the left wall is obtained by using Eq.29, 

(36) 

and utilizing the magnetic field expression in Eq.36 

1 Wll ^ 
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d. Right fT*ll 

The surface currents on the right and left walls are 
equal in magnitude and flow in the same direction. Using (x*a, 

n=-Tj Eq.29, 

7J=-J^xHJa,yx)a^ • 

Comparison of Eq.38 and Eq.36 gives 

r=r. (39) 

** h 

3. Powttr loss in th« b«loir-outo£f rnglon 

As discussed before, power is dissipated in the below 
cut-off section because of the ohmic losses. In order to 
determine the power dissipated on the waveguide walls due to the 
finite resistivity of the walls, it is assumed that the derived 
field expressions accurately describe the electromagnetic wave in 
the below-cutoff region. The power loss on each wall is obtained 
by using the associated current density expression in Eq.31. 
a. Top 6 Bottom Wall* 

The magnitude square of the surface current density 
for top & bottom the walls is given by 

wn ' o >v|i o 

This expression is identical for both of the walls, and indicates 
that the same amount of power is dissipated on each wall. 
Substituting Eq.40 into Eq.31 yields 




Carr^y^ing out the integral over bottom/top wall area 
that extends to 2 =o» due to the semi-infinite structure and 


doubling the result gives the expression for the total power loss 
on the top and the bottom walls 


'** ^ (i>^ 2 2 y2 (i>^ 2 2y2 


( 42 ) 


Equation 42 can be rewritten as, 




4Y2a wji w|i 


( 43 ) 


Jb. Lmft c night nmlla 

Power is similarly dissipated on the left and right 
walls. The expression for the total power loss on these walls is 
obtained by using the same procedure as above with the required 
current density expression and integral limits as follows: 



)^V|ur| 


-T2* 


( 44 ) 


. ( 46 ) 

' wji a Ayfi 

c. Totml Powmr Lott 

The summation of the results obtained in subsections 
a and b gives the total power loss, and it can be expressed as, 
P2(«.u.) = P (toptbotton.) + P(i.ft*right) which is the total amount of the 
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power dissipated on each wall in the below-cutoff region, 
substitution of the associated loss expressions gives, 


^ 4y^ wn wfi 4y^ a w|i 


This equation can be rewritten as. 


l?^,,^|l+rP YjO M 2b 

)(1 ^—)] 

^ 4y^ W(i wji a 


The 


( 47 ) 


( 48 ) 


and finally the expression for the total power dissipated due to 
ohmic losses in the below cutoff section is obtained as. 





III. DERIVATION or THE QUALITY FACTOR FOR THE CUTOFF SECTION 


In this chapter energy considerations, Q factor, and the 
characteristic impedance for a below-cutoff section will be 
discussed. The power loss for a finite length of below-cutoff 
waveguide will be utilized in terms of finite Q and the resistive 
part of the characteristic in^edance. 


A. ENERGY CONSIDERATIONS IN THE BELOW CUTOFF REGION 

In the previous chapter the field expressions and the power 
loss due to the ohmic effect were derived for the non-propagating, 
below cutoff section. 

In order to set up evanescent modes, the waveguide structure 
shown in Figure 8 was employed. This method avoids a change in 
the waveguide cross-section at the junction between the dielectric 
loaded propagating region and the air filled cutoff region. 

Inspection of the structure for TEio dominant mode propagation 
shows that in the first region the waveguide width is greater than 
the dielectric half wavelength. 



Hence, the structure supports electromagnetic wave 
propagation and power flow. In the second region the waveguide 
'width is less than the free-space half wavelength. 
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thus the waveguide structure doesn't support electromagnetic wave 
propagation. 



Undei the assumption of an excited dominant mode in the 
structure given in Figure 8, che TEm electromagnetic wave 
propagates down to the junction where the further propagation of 
the wave i.s not supported by the air section. 

In 1 be lossy structuie , at the dielectric-air interface, the 
dominant mode is reflected with a reflection coefficient less than 
unity. Tbe transmitted part of the dominant TEj^ mode creates the 
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evanescent TEjo mode in the air section. Thus, in the vicinity of 
the interface, the field can be represented by non-propagating ( 
the propagation is not supported in this region) TEjo mode, with 
amplitude which decays as a function of distance from the 
dielectric-air interface and an attenuation constant given in 
Eq.20. Since the evanescent TE^ mode is attenuated as a function 
of distance from the interface, it is confined to a region near 
the air-dielectric interface. Referring to the below-cutoff field 
equations given in Eq.24-26, it can be observed that for a 
lossless guide the electric and magnetic fields are 90 degrees out 
of phase which means that no real power flow occurs in the below- 
cutoff region. Thus, no power is transmitted. The energy flux 
or the power calculated by the Poynting vector is purely 
imaginary. 

The presence of the confined evanescent modes that are near 
the interface can be analyzed in terms of the stored energy since 
the localized fields represent stored magnetic and electric 
energy. Further investigation shows that the energy is 
predominantly stored in magnetic field, hence the existence of 
evanescent TE„o modes can be represented by stored magnetic energy. 


B. derivation of stored mrqmbtic and electric energy in the 

BELON-CnrOFF REGION 

1. Stored Electric Energy 

In general, the peak stored energy may be obtained by 


integra<iug 




over the volume desired, 


that is, 
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( 50 ) 


U=ifS.Edv^ic{\Efdv. 

V V 

The peak storeci electric energy in a cutoff section of length 1 
is obtained by employing the evanescent TEio mode electric fiela 
expression (Eq.24), in the equation given aho-ve, this yields, 

( 51 ) 

V 

Substituting integral limits gives, 

( bo 

U^=Ufff 11 +r IW—e dxdydz. <52) 

The evaluation of the integral over the cutoff section volume 
renders the expression for the peak stored electric energy as, 

. (53) 

• 2 ‘ 2 2y2 

Tb‘.s expression can finally be written as, 

. (54) 

2.. Stored Magnetic Energy 

Stored magnetic energy in a volume is given by the 
integral, 

[/.=|/B.H<(v=i/ti.|Hr<iv (55) 

V V 

and sub")itution of the transverse and the longitudinal below 
cutoff toaunetic field expressions yields. 
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( 56 ) 


1^x2/ V' 1^*2 P*' 

V *' V 

and, 

2Uo “»* 

+1 r f r ^(-!L) 2£2 j J ^r psin—e’*^**dj(rfydz . <57) 

2Uo ® 

The evaluation of the integral over the cutoff volume results in 
the stored peak magnetic energy expression as 

.i„i,=4l,.r|=|»3L(,..-=-^). (58) 

This can be rewritten as 

. (59) 

*72 u)^H 

Substituting the expression, it^*=Y^+w*|ie yields. 


(/„=-^4 1 1 +rp-^(Y^Y^<.) V€)(l 

*72 « |2 


(60) 


which can be rewritten as 


Ob rr^ It .T^|2_/ ^72 


*7: Q^jie 


(61) 
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Inspection of the stored electric and magnetic energy 
expressions shows that the maximum stored energy in the below 
cutoff region always occurs predominantly in the magnetic field, 
since /co^pe )>1. • The amount of the energy stored in both fields 
is frequency dependent. As the operating frequency decreases 
below the cutoff frequency, the stored energy increases in 
magnetic field and decreases in electric field. The energy in the 
fields is equal at the cutoff frequency. This result is easily 
observed from the ratio of the stored magnetic and electric 
energies, 


_ toVe _ 

-^€ 4 1 i+rp(i 

OYa 


(62) 


2y, 




■ + 1 . 


(63) 


Substituting the definition of the propagation factor (Eq.20) 
yields 


. (64) 

U, V 

In the expression above, the decrease in the operating frequency, 
f, causes an increase in the energy ratio which illustrates that 
the amount of energy stored shifts from electric to magnetic. 
This ic T useful result that will be utilized in the further 
modelling concept of the below cutoff section. 
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C. DBRTVATKKI OF TBS QUALITY FACTOR FOR TBB BBLOW-CUTOFF 


WAVEGUIDE SECTION 

Unless the waveguide is lossless, stored energy is dissipated 
due to the finite conductivity of the guide walls which introduces 
ohmic losses. The Quality Factor for a guide excited in the TEio 
evanescent mode can be defined on the basis of stored energy / 
dissipated energy. The Q factor is finite rather than infinite as 
it would be in the lossless case. 

The definition of the Q factor may be given by, 

Q_2-^ Maximum Stored Energy ( 55 ) 

Energy Dissipated 

where the energy dissipated is equivalent to the power dissipated 
per unit bandwidth which yields. 

Maximum Stored Energy ^ 55 ) 

Power Diss^ated 

As stated in the previous section, the maximum stored energy 
occurs in the magnetic field, so the Q factor for the below cutoff 
waveguide is 

Q_^ Peak Stored Magnetic Energy ( 57 ) 

Power Loss 


or, 

<?=fc)-^ . (68) 

In chapter II, section B, the expression for power loss was 
derived for a semi-infinite, below-cutoff guide. In order to 
obtain the power loss for a cutoff guide of length '1', the same 
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definition of power loss (Eq.30) can be used. Integrating over 
a finite length, 1, yields, 


<i>|i (ii>^ a 

Substituting Eq.69, Eq.61 into Eq.67 gives 


'Q=W' 


OY 2 




^ e ], 11 +rl2[(^)2+(-5^)2(l +^)](l 

4y2<i <<>|t (•>M> o 


which can be rewritten as. 


Q=qh- 






(69) 


(70) 


(71) 


The definition of the Q facto for the below-cutoff waveguide is 
obtained as, 


C)=ilE£^_ 

R 2 Y 

' alUi^fhlb 


(72) 


which is equivalent to the definition given on page 307 of Ref.8. 
Substituting the expression. 


(^)^=- 1 - 


j C 


(73) 
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into Eq.72 yields. 


« , (74) 

2 a[l-kUhb 

2 fc 

As observed from the result given in Eq.74, the Q expression 
is a general definition. It is independent of the dielectric 
constant of the region 1 (Fig. 5) and can be used for any 
evanescent waveguide. It is also independent of the guide length. 
This can be explained in terms of the volume to surface area ratio 
where the energy is stored and dissipated respectively. For a 
below-cutoff guide, the ratio of volume to surface area is given 
by, 

Volume _ abl _ ab ^ 75 ^ 

Surface Area l{a*b)l 2 {a*b) 

a change in the waveguide length effects the volume and the 
surface area in the same proportion. Thus, the variation of the 
Q factor with the volume-to-surface area is independent of the 
guide length, but dependent on the cross-section. Therefore, it 
can be concluded that the Q factor is constant for any length of 
the below-cutoff waveguide at a particular frequency. This gives 
insight for the modeling concept. 

D. THE PESXSTIVE PART OF THE CHARACTERISTIC IMPEDANCE 

The characteristic impedance of a lossless below-cutoff 
wavegui'^ is a pure inductive reactance (Eq.4). Above-cutoff, 
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waveguide can be visualized as a two wire structure shunted by an 
array of quarterwave shorted stubs (l=X/4) [Ref. 9]. Since the 

admittance of the stubs is zero energy propagates down the guide 
without loss (Fig.9). The same configuration can be used for a 
below-cutoff guide 
except that the 
length of the stubs 
is less than a 
quarter wavelength 
(/<X,/4) • Thus, the 

stub input impedance 
is inductive. 

In the case 
where the conductive 
losses are also 
included, the 
characteristic 
impedance is complex 
and consists of 
inductance with a series resistance that accounts for the 
dissipative losses on the cfuide walls. Thus the semi-infinite, 
below-cutoff part of the structure given in figure 5 can be 
replaced with an equivalent load impedance Zo 2 =Ro:+jXo;. 

The expression for R,. can be found from the definition of Q, 



Figure 9 . Rectangtilar waveguide represented as parallel 
plate transmission line and quarter-wave shorted stubs. 









substituting Eq.4 and Eq.72 into Eq.77 yields, 





ZV. INDUCTIVX STRIP LBSDIMQ SDGB LOSS 


As a lossy finline discontinuity, the inductive strip causes 
dissipation of power. In the previous chapters associated wall 
losses wei e evaluated and related expressions were developed. In 
this chapter the edge losses of the strip will be analyzed. 

A. STRIP KDGB DZSOONTniniTT SITBCT 

A configuration of the inductive strip in homogeneous finline 
is given in the Figure 2. It is an obstacle in the finline 
structure that interrupts the electromagnetic wave propagation and 
creates a finline discontinuity. The discontinuity effect of the 
strip may be well analyzed in the 
structure given in Figure 10 where 
the stri^' with thickness t and 
length T is shown centered in a 
homogeneous finline structure that 
has zero fin heights. 

Hence the strip is centered in 
the finline and the configuration is 
symmetric over the center line that 
connects the broad sides. 

Typically, thickness is only a very 
small fraction of the guide width. Under these circumstances, 
only th^ propagation of the odd numbered TE„o modes are interrupted 
by the leading edge, wheieas, the even numbered modes propagate 



Figure 10.: Strip leading edge 

discontinuity in a zero fin height 
finline structure. 
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without being interrupted, because for these modes Ey=0 on the 
centerline where the strip is located. 

Inspection of Figure 10 shows that the leading edge with 
thickness t spans a rectangular area in the transverse plane on 
the centerline; breaks the continuity of the broad edge of the 
waveguide hence becomes an H plane discontinuity. The necessity 
of satisfying boundary conditions at a discontinuity requires the 
presence of the higher order modes which account for the 
discontinuity effect. 

As a discontinuity, the leading edge of the strip generates 
higher-order TE modes around the edge. Since the physical 
dimensions of the sections located on either side of the strip are 
not sufficient to support any waveguide propagation, the higher- 
order TE modes are attenuated in a short distance from the 
discontinuity. The localized TE modes represent stored magnetic 
energy, hence inductive effect. 

The peak energy in the plane of discontinuity is directly 
proportional to the incident electric field at the edge and will 
be distributed over the dominant and higher order modes. Thus the 
total current flow on the edge can be find by using the model 
shown in Figure 11 and is equivalent to the summation of the 
higher ^'rder and dominant mode currents. 

Therefore, the effect of the edge discontinuity can also be 
discussed from the circuit point of view by considering a total 
current tliat is conducted through the edge. Thus a magnetic flux 
will be pioduced that links the conduction current, creating an 
inducteffect. 
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As a result, the discontinuity effect of the strip leading 
edge can be represented by a shunt inductance assuming that the 
strip is lossless. 

The amount of the total current linking through the edge is 
dependent on the finite conductivity of the strip, since it 
experiences a certain amount of resistance on the edge which 
causes dissipation of power. Thus, for the lossy case the edge 
discontinuity also shows a resistive effect in addition to the 
inductive effect, hence it can be modeled with finite Q inductor 
or a network consisting of resistive and inductive lumped 
elements. 

B. AC ANALYSIS OF THE STRIP 

The AC analysis of the inductive strip can be done from the 
circuit point of view. Considering the structure given in Figure 
10 has been initially excited by an incident TE^p mode, it can be 
assumed that the distribution of the fields approximately uniform 
over the front end surface of the strip because of the very small 
thickness of the strip with respect to the width of the waveguide. 
The electric field in the reference plane of the discontinuity can 
be given by. 


£,=£,(1+Dsin— 

a 


(79) 


Thus, th*--' value of the uniform electric field over the edge 
surface - obtained by evaluating the expression given in Eq.79 
at x=a/2 and z=0 where the edge is located. It is. 
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£.=£,(i+n. 


From the circuit point of view this uniform, time dependent 
field can be replaced with an equivalent AC voltage source of the 
value, 

K.=&£,(l+r) . ( 81 ) 

Since the edge discontinuity has resistive and inductive effects 
it can be visualized with an equivalent LR circuit given in 
Fig.11. 



Figure 11 The AC circuit equivalent of the inductive strip leading edge. 

The current flow in the circuit is equivalent to the total current 
which is the .summation of the dominant and higher-order mode 
currents. The current density is function of z and is given by, 

=o£^«-T^*=a£,(l +r)e 







Thus, the total current is found by integrating the current 
density function over the cross-sectional area of the strip. It 
is, 


Tt 


/r= f +1^(1 


(83) 


00 


where the propagation factor in a good conductor is given by. 




(84) 


And since T>8^, the exponential term in Eq.84 can be assumed to be 
hence the total current is. 


Z-45 = -L±ej[\*^D Z-45 . (85) 

\/2 v /2^» 

The AC impedance of the strip can be obtained as. 

As long as the power loss is our concern the real part of this 
expression is important. Since the inductive effect of the higher 
order localized fields dominate, the imaginary part is 
insignificant. The AC resistance of the strip can be given by, 

and is equivalent to the DC resistance of a rectangular bar of 
length b and transverse dimensions of 8^ and t. The value of the 
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resistance shown in Figure 11 is equivalent to the AC resistance 
of the strip given in Eq.87. Referring to the same figure, an 
equivalent expression for the inductance that accounts for the 
inductive effect of the strip leading edge can be found in the 
Thesis by Morua [Ref.10]. It is, 



( 88 ) 


and the coefficients are, 


.4,=13.75-10.32(1-^)'®, 
b 

5,=9.46-6.36(1-^)*’*, 
b 

C,=1.54-1.10(l-^)^’*, 

b 


r = 


90or 


N, =500-241(1-^)'" 
L,=B,-C,ln(rp, 


where w is the distance between the fins. 


C. THE POHKR LOSS AMD STORED MAGNETIC ENERGY 

The AC voltage source given in Figure 11 supplies energy to 

the circuit where some part of it is dissipated as heat energy on 

the resistance and the rest is stored in the inductance.; 

Referring to the circuit the following equations can be written, 

(89) 

dt 

and, 

Vl^fR^LI— . (90) 

dt 
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The term on the left side of the Eq.90 represents the rate at 

which the energy is supplied by the source; the first term on the 

right, I'R, is the rate at which the energy is dissipated by the 

dl 

resistor and the second term on the right, LI— , is the rate at 

dt 

which the energy is stored into the inductance. The term I^R can 
also be called the instantaneous power dissipated in the resistor. 
This power varies from zero to its maximum value The 

average power dissipated in the resistor is given by, 

substituting the maximum current and the AC resistance yields, 

/> =l.^£f jl+rp (92) 

This expression accounts for the average power loss on the edge 
which i.? dissipated by the resistance that dominant and the 
higher-order mode currents experience. The power dissipated on 
the edge is directly proportional with the strip thickness. This 
means that the thicker the strip, the more the power loss and vice 
versaThe stored magnetic energy in the inductance can be 
obtained from the second term on the right in Eq.90. It is, 

< 93 ) 

dt dt’ 


solving f'>r stored magnetic energy ,UM, gives. 




And substituting the maximum current expression yields the final 
expression for the stored magnetic energy in the inductance as, 

. (95) 

since the value of inductance L given in Figure 11 can be obtained 
from Eg.88 for any variation in the finline and strip dimensions, 
utilizing this value of L in Eq.95 accounts for the peak stored 
magnetic energy of the higher order modes in the vicinity of the 
strip edge,. 

D. THE QUALITY EACTOR OF THE KDCaE 

Quality factor of the circuit given in Figure 11 can be 
defined in terms of the stored and dissipated energy. It can be 
given as, 

Q.^ Stored energy (96) 

Power loss 

and substituting the expressions for the stored energy (Eq.95) and 
power loss (Eq.92) yields, 

- = ail . BT) 

•il>—£f|l*r|= 

Inspection of the equation shows that, 

Q=a)— , (98) 

Rac 

which i'■ I-he definition of Quality factor for series LR circuit. 
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Analysis of the power loss and the stored energy expressions 
indicates that the total current increases with the increasing 
thickness of the edge and with the higher conductivity of the 
strip.: This increase in the total current tlow increases the 
power loss and the stored energy both. But, with the increasing 
current flow more energy is stored in the inductance than is 
dissipated as heat on the resistance by a factor equal to the 
square loot of the conductivity and the strip thickness, t. Thus 
the Q factor of the edge increases with the increasing strip 
thickness and conductivity. It can be deduced that the better the 
quality of the conductor that the strip is made of, and the 
thicker the strip ip, the higher the Quality Factor of the strip 
edge discontinuity. 

In the experiments that were conducted 2 mils thick beryllium 
copper was used as an inductive strip. Evaluation of the Q 
express.i.on for this strip at 10 Ghz yields the value Q=45 which 
is quite different than the case where the edge inductance is 
assumed to be lossless with infinite Q. This shows that the 
finite conductivity of the strip has to be taken into account for 
the better prediction of the experimental results by the inductive 
strip circuit model. 
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V. MODEL CXIMCBPT 


Until now, losses associated with the inductive strip were 
analyzed and related loss expressions were developed. In this 
chapter, the power loss will be included in the strip model and 
the improvement in the prediction of the experimental data will 
be inspected for a finline filter with and without loss. 

A. APPLICATION OP BBLON CUTOIT LOSS TO THE FIMLINB STRIP MODEL 

Referring to the Figure 3, it was stated that the propagating 
dominant mode, and the higher order TE modes created by the edge 
discontinuity become evanescent in the below cutoff sections. 
These evanescent TE modes originate the localized fields hence are 
represented by stored magnetic energy. And, it was analytically 
shown that the more the operating frequency is below cutoff, the 
more the energy is stored in the magnetic field; from which it can 
be deduced that the below cutoff sections may be modelled by a 
reactive network that is made of inductive elements. 

Generally a transmission line can be represented by an 
equivalent Tee circuit given in Figure 12. And the associated 
impedance matrix representations can be given by. 


[Z]=[ 




j ZoCOthCvO 

z,.z. Zq 
siiih(Y0 


^0 

sinh(Y0 

Z„coth(Y0 


(99) 
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Solving for the impedances yields, 


Z„=Z^=Z^[cothiyl)- 

^c= 


4 

sinACyO 


cosh(Y0-l ^ 

sinhCyO 


( 100 ) 


where 


l^ cosh(Y0 I j shown to be equivalent to [tanh(—)]. 

siiih(Y0 2 


Thus 


the equivalent Tee impedances are, 


Z„=Z,=Zotaidi(^) 

Z^^Zffschiyt) 


( 101 ) 



Figure 12 Tee equivalent circuit of a transmission line with length 1. 


A below-cutoff waveguide section may also be represented by 
an equivalent Tee circuit model.The model impedances are given by. 
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Z,=Z,=>AotMih(^) 

Z=jX^cschiyC) 


( 102 ) 


where characteristic impedance Xq is given by Eq.4. 

Since the characteristic impedance of a lossless below-cutoff 
section is inductive, the Tee equivalent circuit model is composed 
of infinite Q, purely inductive elements emphasizing that the peak 
stored energy occurs in the magnetic field. 

The model is dependent on the waveguide dimensions and 
operating frequency, but it is significantly sensitive to a 
variation in the guide length. A slight increase in the guide 
length, causes a small increase in Z, and Z^, but a large decrease 
in Zg that makes the middle branch closer to a short circuit. 
This means that the longer the below-cutoff guide is, the less the 
coupling becomes. And since the evanescent fields attenuate very 
rapidly with the distance, a better coupling can be maintained 
with the shorter below-cutoff guides which points out that the 
model is reasonedjle when the length of the guide is considered. 

In Chapter III the resistive part of the characteristic 
impedance was developed associated with the wall losses. 

Power loss can be included to the lossless model by making 
use of the characteristic impedance that accounts for the wall 
losses. It can be written as, Zo=Ro+jX(, where Rj and Xq are given 
by Eq.29 and Eq.4 respectively. 

Thus impedances of the Tee circuit model for lossy below- 
cutoff waveguide may be given by. 
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Z«=Z,-(/^4^Xo)tanh(^) 

Z^=-iR^+jX^cschiyt) 


(103) 


and the model itself is given in Figure 13. 



Figure 13 Lossy Tee equivala\t circuit of the below-cutoff waveguide. 


Another way of adding the effect of the power loss to the 
circuit model can be managed by replacing the dissipationless 
reactive elements with the dissipative ones; hence the infinite 
Q inductances can be replaced with the finite Q inductances. And 
since the Quality factor of a below-cutoff waveguide is 
independent of the guide length, using finite Q inductances can 
be considered as an equivalent approach to the one discussed 
above. 
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Referring to Figure 3, the belowcutoff waveguide sections 
can be replaced with a lossy Tee equivalent circuit model as shown 
in Figure 13. 

Thus it is accon^lished to include below-cutoff wall losses 
in the inductive strip circuit model. 

B. APPLICATION OP EDOB LOSS TO THB PIMLIMB STRIP NODBL 

In chapter IV, it was found that the strip edge has a 
resistance of R, given in Eq.87. 

To obtain an accurate response prediction for the inductive 
strip, the significant effect of the ohmic losses on the edge 
should be included in the lossless model. Referring to Figure 3, 
this can be performed by connecting the inductor in series with 
a resistance of the value equivalent to edge resistance, R,. The 
other approach of using finite Q inductances as circuit element 
in the model is also valid for edge losses. This requires use of 
the Quality Factor derived for the inductive strip edge (Eq.98). 

By including edge losses in the model, where the below-cutoff 
wall losses have already been included, it is possible to bring 
in all the associated losses to the CAD compatible circuit model 
of the inductive strip. 

Three different lossless circuit models of inductive strip in 
homogeneous finline can be found in the technical report by Knorr 
[Ref.2]. These equivalent circuit models vary from simple to 
complex, and become more accurate with increasing complexity. 

Figure 14 shows the lossy circuit model of the inductive 
strip. It is obtained by applying the associated losses to the 
most complex lossless model (Model 3) [page 11 in Ref.2]. 
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Figure 14 Lossy CAD compatible circuit model of the inductive strip. 

C. CONPARXSON OF TBI ■XPSRZNKMTAL AHD TBX CZRCaiT MODIL MCSF0N8B 
or A rZNLIHB rZLTSR WITH AMD MZTHOOT LOSS 

CAD compatible circuit model of the inductive strip in 
finline has wide application in designing networks with finline 
components. One of the principal applications of the model is 
designing finline filters. 

Basically, a finline filter can be built by coupling high Q 
finline resonators together. And a finline resonator consist of 
two inductive strips separated by a length of finline where the 
strips are utilized as reflective boundaries. 

An extensive study of finline resonators and filters can be 
found in Ref.2-6. One of the experiments that is discussed in 
Pef.6 is the measurement of the insertion and return loss of a 
symmetric X-band filter. 
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The filter configuration consists of 3 resonators and 4 
strips with the dimensions (in mils) of Ti*90, Ri=558, T2-250, 
R2»540, T3=240, R3*540, T4“90 where R and T represents the length 
of the resonator and the length of the strip xaspectively. And 
the fin structure of the filter is fabricated from a 2 mil thick 
sheet of beryllium copper that has a conductivity 25 % that of 
copper. 

The response of the filter was measured on HP8756 scalar 
network analyzer. It consists of insertion and return loss 
curves. The response that is taken from Ref. 6 is given in Fig. 15. 



Figure 15 Experimental response of a X-band finline filter 

The same X—band filter was modeled by using the circuit model 
of the strip with and without loss. The predicted response using 
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by both lossy and lossless models were conpared with the 
experimental response to evaluate the discrepancy created by the 
loss. 

Touchstone software was used to simulate the filter and to 
obtain the predicted response. The lossy model of the strip was 
constructed using finite Q inductors as the only circuit element. 
This approach results in the szune predicted response as using 
series resistances would, but it is sinpler. 

The loss associated with the resonator gaps is accounted for 
the software since they are defined by the equivalent waveguide 
sections. Another loss source associated with the experimental 
response of the filter is due to housing (shield) in which the 
filter structure is placed and measurements are taken. Extra 
length of the shield creates additional losses. These losses were 
also included in the model by connecting the necessary lengths of 
finline to both ends of the filter circuitry. 

Thus, the equivalent circuit model of the X-band : nline 
filter would be able to account for all the associated losses. 
The circuit and the data file is given in Appendix A. 

The predicted response of the filter was obtained in the same 
frequency band as the experimental response to ease point by point 
coitparison. It was plotted on the same grid for the lossy and 
lossless models and is presented in Figure 16. 

First, the predicted response without loss was compared with 
the experimental response.. It can be seen that both the insertion 
and return loss curves are in very good agreement. The two 
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significant discrepancies are in the pass band insertion and the 
return loss. The measured insertion loss varies between 1 and 2.5 


D 00(521] + 00(5211 0 DBiSllj x DB^Sll] 

L055LE55 L0S5Y L055LE55 L055Y 

20.00 


- 20.00 


-60.00 

a 000 ^ 

Figure 16 Predicted response of the filter with and without loss. 

db which is small but remarkadjly greater than the predicted 
insertion loss. There are small but noticeable differences 
between the shape of the experimental and predicted return loss 
curves which shows a maximum difference of 6 db. 

Point by point comparison of the experimental response and 
the predicted response with loss, shows that the insertion and 
return loss curves are in even better agreement than the previous 
lossless case. Both of the discrepancies found in the lossless 
case are reduced in the predicted response of the lossy model. 
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The predicted insertion and return losses are almost equivalent 
to those measured, with maximum difference of 1 db. 

Thus, it can be deduced that a significant improvement is 
obtained in the accuracy of the predicted response of the filter 
by utilizing the lossy circuit model of the inductive strip. 
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VI. CONCLOSIOMS AMD RBCXMMIMDXTIONS 


A. COMCLDSIONS 

This thesis describes the derivation of the analytical loss 
expressions for the inductive strip septum in homogeneous finline 
and the inclusion of the loss in the equivalent circuit model. 
The losses associated with the inductive strip were analyzed as 
ohmic losses, dissipated on the walls in below cutoff sections, 
and on the strip leading edge. Considering the energy flow 
through the inductive strip, it was analytically shown that both 
in the below-cutoff sections and around the strip leading edge, 
the energy is predominantly stored in magnetic field, justifying 
the inductive effect of the septum. The Quality Factors for both 
loss sources were derived by utilizing the Power Loss and Stored 
Energy expressions. Evaluation of the Q factors at 10 GHz results 
in the value of 5327 for below-cutoff sections and 45 for the 
strip leading edge. When conpared with the below-cutoff wall 
losses, the significant role of leading edge loss on the overall 
strip losses can be recognized from the values of the Q factors. 

Concerning the lossy model concept, the effect of the loss 
was included in the circuit model of the inductive strip by means 
of finite Q inductances that replace the ideal inductors of the 
lossless model. The accuracy of the model was justified by 
comparing the experimental and the predicted response of a X-band 
finline filter, that is simulated using the lossy circuit model 
of the inductive strip. The responses had the same shape with the 
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maximum discrepancy in the vicinity of 1 db. As e result, the 
accuracy of the inductive strip circuit model has been improved 
by incorporating the effect of the associated ohmic losses. 

B. RBCXMMINDATIONS 

The model accounts for the loss associated with a thin 
centered inductive strip placed in homogeneous finline. It would 
be interesting to incorporate the effect of the dielectric losses 
in the circuit model of the inductive strip positioned in 
inhomogeneous finline, when such a model is developed. 
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APPENDIX A 


The circuit file of X-band finline filter. 


Touenstone iTM'' - ConJiguratlar- IBB I7fl8 IBI 16*12 22ST IBOB ' ’55S2 
LOSFF.CKT Tue 21 88122:BE 1990 


I USER: LE'.'EMT KURTOGL'j 

I D0TE: 2B.S.9B 

I CIRCUIT: FINLINE FILTER 

I COtmENT: THIS CIRCUIT HOOELlES 2 RESONATOR « STRIP FILTER WITH ALL THE 
I LOSSES ARE INCLUDED. 


OIR 

FREO 6HI 
RES OH 
INO NH 
CAP PF 
LNG NIL 
TIME PS 
CONO /OH 
ANG CEG 

UAR 

A • 9BB 
6 • 400 
Uovb • * .BB 
Tl • 90 
T2 • 252 
■'2 • 2*0 
T* . SB 
Rl - SS3 
P2 - 5*0 
P3 - SiO 
C • B.BB:0 

s: ' 2.!115? 


Si • lO.Ot 
Cl - 1.62! 

01*45 ' CU- 

0*522" ■ O'-'- 

a.10 . T-g 

E2'.' 

' MOCELLING .E*0!’1G EDGE 

r • :>6 •* 

AdvZI • "'Z 

“sjZ • • I **•••2 5 • •••Z* 

*** 

rffc' • 0r£ * fc' ’c ■'* jc 4 ♦••j s 


•I ' £:-r:E 

.^•Tv ~e rEC'IC'NS 
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Touchstone (TMJ - Corfiguratton' 100 ITOO 101 I64I3 I35T 1000 ' 15533 i 
LOSFF.CKT Tue Aug 31 08:32:05 1950 

Beo: ■ -0.17 • <I/M1.»I.IS ♦ N«*10 
Beo ■ (BeoI + Beo3>»6 

Lende ■ ( 30000/2.54>/FRE0 
LpovLI • 1/(1 - tl.B"0a/(2*B«o ) )»»2 »««0.5 
Loovt.2 • 1/(1 - tLanda/t2*A)>*»2)»»0.5 
21 • I20*oi*(2«Be3/Reo)*LpovLI 

Z: ■ l 20 *(it*( 2 *e/A)*LpovL 2 

XI • (2l/22)**0.5 

I EOUBTIONS FOR STRIP UEA0IN6 EDGE INDUCTANCES 

Ldl - A1 ♦ ((Bl - Cl*In(TI ) i/( I + e'D((TI - S00)/IO)'’1 

Ls: - A1 ♦ ((61 - Cl»ln(T2))/( I ♦ exoKT: - 5001/10!)) 

La3 - A1 • ((Bl - C!*ln(T3))/() » exo' (T3 - 500), I0) ) ) 

Ld4 - A1 ♦ ((61 - Cl»ln(T4))/( 1 ♦ expi(T4 - S00)/I0)') 

I modelling BELOU-CUTOF UAUEGUIDE SECTIONS 

Alfa*'3*ot/LAM0A )•<((LAMDA/(2 *Aov 3 'l••:-11••0.S' 

Xo-' :*8/Aov2 '‘IZOxoiM((LAM0A/(2*Aov:)>**2-l)»»0.S) 

Snnl«.S*<Exo(AlfexTI )-' I/Exol Alfa»TI))) 

Cosrl*.S*(E'0<AlTa»Tl/2 '♦( l/E>o'A1 fa»T! ,'2' i > 
Sinnl».S**£*0'Al'a*Tl/3'-i 1 /E^pt Alfa*Ti ^3 ') *' 

Snn3*.5*’£*o(Alfa*T3 )/Exo'Alfa^TZ ))) 

Cosr'3" S*'£'0'Aifa*T3'2)*(i/E*c\Al'a*T3.'3'' • 

SjnnZ* 5*(£<o'Al*axT3/3 )-')'£'0:AlTa**3 '3'-1 

Snn3- 5*'£'0!Al»a«’’3’-( 1/£-0'nlfatT3-'" 

CpsnZ* £♦'£'p'A1*a*T3 3'*'I/E o'A1fa^cZ'3'' ' 

StnnJ" £•• E'C*AifaxT’/;I'E p'AlfaxTZ 3'-' 

S'n4..5-'E-P'-l's**4'- 1 E-o'■>.‘(•’•4 .. ■ 

C:5n4».5*'£'O'A1'a*T4'3I E'P*Aifa*T4 3 
5;-r4* E-'E'O Aifa*T4/3I^£* 0 'AiTe*T4 3 

5:,A';3-JS F7P EEljU-CUTOF- INCL'CTAMCES 

•3 .nr ’ '< Cos-1 




ir.r.Z Z-.znZ’\- 
r-pT-’J 


3L'o*Sinn3''Ccsn3*w 
3L3“‘C■'SrhZ* j 


z * i I''’'^ ‘‘ 
i'^2 "' c 


• j.: 
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Touchstone (TM) - Ccnf iQuratioo* 100 1700 101 16^13 23S7 *000 
LOSFF.CKT Tue Aug 21 08:32:05 1990 


CKT 

I lossless model of each strip 
INO I a L‘Ldl 

CAP 1 a c*c 

INO I 2 L'IL! 

INO 2 a L*Il22 

OEF2P I 2 A 

XFER I 2 a a N*XI 

A 2 3 

A 2 3 

A 4 3 

A 4 3 

XFER s 4 a a N*xi 

OEF2P I S STfilPI 

INC I a L'*Lcl2 
CAP 1 8 C‘C 

INO I 2 L‘2L' 

INO 2 a l':l :2 
OEF2P I 2 B 

XFES I 2 a C N XI 

e 2 3 

e 2 3 

e 4 3 

e 4 3 

XFSr S 4 a 0 N <1 

oef:= ' s STRio: 

IMO 0 L-L33 
CAP I 2 C'C 
IMO ’ : . 

oEp" ■ : c 

>=£=•■ 2 a 0 N XI 

C 2 2 


(C:: 5 i 2 2 M '! 

■ C S'CTC^ 

i'lC ' 2 L .34 

C^p ’22,, 
iUD ' 2 L 4L’ 

IMC 2' 2 L 4l22 

<cc: 1 ; 2 0 *i ” 
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Touchstone ( TM ' - Cor.f ijurst voni tCC J700 101 I8AI3 
LOSFF.CKT Tue Auq :i 08:32J05 1990 


:2S7 1000 


D 

1 

3 





Q 

k 

3 





XFE» 

s 

k 

0 

0 N" 

X 1 


oef:p 

1 

S 

STRtPA 



LUSS'' 

MODEL 

OF ErtCH STRIP 


tNOO 

1 

0 

L^Ldt 

Q'Ol 

F-F 

MOD-2 

MP 

I 

e 

c-c 




INOO 

\ 

2 

LML! 

0-0 

F-F 

MOD-2 

INOO 

*1 

0 

L-fL2 

: o-o 

F'F 

MOD-2 

OEF’P 

1 


LA 




XFER 

1 


e 

0 H' 

XI 


Lft 


3 





LA 


3 





LA 

k 

3 





LA 

k 

3 





XFE? 

c 

k 

e 

0 N 

XI 


oe=:p 

t 

5 

LSTRIP’ 



INOO 

! 

0 

L L32 

0*0! 

p-c 

*ioD-: 

CAP 

» 

i 

C-C 




INOO 

t 


L'CLt 

0-0 

F-= 

moo-2 

INCC 

2 

J 

«-< 

11 

3-0 

F F 

mod-2 

0E':» 

f 

2 

LE 




i<Pt= 


; 

0 

0 •! 

>- 1 


'mS 

2 

3 





It 

2 

3 





LB 

i 

3 





ls 

i 

” 





It CCS 

c 

i 

3 

3 ‘1 

t 1 


CE=:= 


c 


r~r 





0 

■ 

c--,; 

C P 

f-rn*3 

-45 


A 





INCC 


: 

. It I 


: c 

«0D»“. 

;’ico 

Z 

c 

- C-C 

z z, z 

c c 

Mr-,2 

c£=:= 


- 





. cr: 

-- 

: 


Z 





3 





lC 

i 

“ 





<crs 

c 

- 

c 


• ’ 




t 

L: ' 

• * - 



I^jCC 


Z 

L L=i 

n r 1 

z c 

MA *.« 2 

•AC 


A 

-.. 




• r,r - 



i. 


z r 

M.--,2 


- 

1 

5 “ 

‘ 

c = 

M.- - , * 

rcZ“Z 
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Toucnstcne '.TM'' * Configurationt '00 1700 lOt IS413 2357 1000 1 1555 
LOSFF.CKT Tue Cus 2! 08:32:05 '590 

KFER 1 2 0 0 N'KI 

LD 2 3 

LD 2 3 

LO 4 3 

LO 4 3 

XFER 5 4 0 0 N-xi 

0EF2P 1 5 LSTRIP4 

I oefinins the resonator saps and the test case 


RUS 1 

2 

A*Aeo 

d^Sco 

L*Rt 

ER-i 

RH0»l.64 

0EF2P 1 


RESl 





RUS 1 


A'Aeo 

8^6eo 

L-R2 

ER-1 

RH0«).64 

oef:p 1 

•i 

RE52 





RUS 1 

2 

A “Abo 

9'^G«o 

L‘93 

EP-I 

RH0*i.64 

oef:p 1 


RES3 





RUS 1 


A'Aeo 

9‘'6eo 

L*:846 

. EP* 

1 RH0-I.S4 

def:p 1 

A 

FL 






RUST I A*A.q 8*B*p ER»1 RH0-I.S4 
OEFIP I UEOSE 

' LOSSLESS MOOEL OF THE FINLINE FTLTES 

FL 1 2 

STRIP 1 : 3 

PE:' 3 4 
STRIPS 4 5 

res: s e 

STPIS’ 5 7 

PES: 7 9 

:Ts;F4 3 5 

'L 9 If 
OE=2° ' '3 i.OSSlESS 

' -OS:: fCCE. 2= '"E ^I’lLl'lE F!l*E= 

FL 1 : 

LCTSTOi E' 3 

ff:: : i 

lS'=:f: 4 = 

PE=: 5 = 

LS'fIP" 5 
fee: " 9 

LC“STC4 3 O 

F'. 9 10 

oef:' ' 10 LOS5' 
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To^c^5to^e tTH> * Ccnfij^yratioT ICO irOO tO! 16413 OOS" 1000 1 15533 
L05F6.CKT Tue ftug 31 09:33:05 1990 


PPOC 

OUT 

LOSSLESS OBtSOn 6 RI 
LOSSY OBI son 6RI 
LOSSLESS OBISin 6 RI 
LOSSY OBISIIl SPl 

FREO 

SUEEP B i: .1 
SUEk's 9.5 10.5 .01 

BRIO 

RAN6E B 13 0.4 

6R1 -60 30 10 
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The data file of X-band finline filter. 


Touchjton# <TMt - Confisur*tt 0 in l®0 'fBO 11)1 ISllT I3S* 1BB8 I 1559 



LOSFF 

.ou7 Tu» fiuQ :i 

03:30:07 

FREQ-5HZ 

08(521 1 

06(521) 

06(51n 

06(5111 


L05SLE5S 

LOSSY 

LOSSLESS 

LOSSY 

a.BBBBB 

-64.853 

-64.137 

-8.837 

-8.123 

s.taeBB 

-61.928 

-62.013 

-8.825 

-8.135 

s.zaaBB 

-59.729 

-59.321 

-8.035 

-0.141 

8.3aaaa 

-5" 458 

-57.558 

-8.025 

-8.149 

8.«aaaa 

-55.876 

-55.186 

-8.835 

-0.158 

a.saaaa 

-52.597 

-52.714 

-8.835 

-0.169 

s.seeae 

-49.989 

-58.118 

-8.835 

-8.ISO 

8.78888 

-47.232 

-47.375 

-8.035 

-0.194 

8.88888 

-44.208 

-44.458 

-8.324 

-0.210 

8.98888 

-41.155 

-41.334 

-8.033 

-0.231 

8.88888 

-37.751 

-37.956 

-8.833 

-0.:s9 

3.18888 

-34.823 

-34.264 

-8.834 

-8.300 

9.28888. 

-29.875 

-38.170 

-8.838 

-0.363 

9.38888 

-25.164 

-25.543 

-8.849 

-0.469 

9.48888 

-19.657 

-28.198 

-8.089 

-8.594 

9.58888 

-12.977 

-13.852 

-0.277 

•1.279 

. 9.51888 

-12.229 

-13.159 

-8.323 

•!.391 

9.s:oaa 

-11.465 

-12.456 

-0.379 

-'.522 

9.53888 

-18.666 

-11.744 

-•4449 

-1.674 

9.54888 

-9.694 

•11.826 

-8.533 

-1.363 

9.55388 

•9.098 

-10.383 

-8.540 

-:.06: 

9.SSBBB 

-3.277 

-9.579 

-0.-'2 

-2.:!0 

9.57880 

-=.459 


-8.939 

-2.604 

9.59003 

-5.541 

-5.1Z9 

•1 . ’49 

-2.954 

9.59380 

-5.930 

-7.424 

•! 414 

•3 . 3"* 

9.50083 

-5.326 

-6.'48 

-I.•4S 

-2.='5 

3.6I0BB 

-4.:69 

-6.087 

-2.155 

-4.4?? 

9.52000 


-5.46‘ 

gg- 

•S. ] QO 

9.63838 

-2.372 

-4.5TS 

-3.224 

-5.36= 

9.64833 


-4.341 

-♦.’IS 

-*.•'32 

9.55800 

"c; 

-3.55: 


-? . 

9.55800 

-i.zn 

-3.44A 

-1.’"5 

-5.SOS 

9.5"00O 

-3.993 

-3.C85 

-- 420 

- ' . 

9.5=003 

-0.72S 

.7CC 

• 9 ^“i- 

“ C-- 

9.59CC0 

-0.549 

-2.546 

-ie.:45 

-'5.53= 

9.?ccee 

-e.ize 

•»CC 

-M !55 

- ".5£* 

o.T^oeo 

-0.275 


-!I.59= 

- 5 43: 

9.■’2000 

-0.252 



-•-.=46 

9."2300 

-0.252 

-z.e-: 


-’5."=2 

5.*4CCC 

-C Tc** 

-1.945 

•\ ’ .?"9 

— ’ 5 • £4 ’ 

«.‘’9oeo 

-0.29= 

.39= 

1,59: 

-'4 902 

9.75000 

-0.4;? 

.352 

-M.rs: 

-:z.69: 

0 "7200 

-0.4:" 

-' .916 

-n.3:« 

-•3.C9C 

srszzd 

-0.42= 

-t -11 

-1C.r*S 

-'2.5-' 

B.-OeBO 

>0.44! 

.745 

-10.932 

-»:.4i35 

9.=0000 

-0.425 

."218 

-10.=9’ 

:9r 

9.='000 

-O.ACC 

-1.553 

«n .?45 


? zZZ-ZC 

.rt VO*' 

.s:5 

1 

- - 

9.9ZO0O 

-0.25" 

- 1 21* 

-r.9=: 

:.=-£= 

9.54000 

-C Z" ' 

- . 5:5 


'-’C 

^ SC'»J2 

-0 

.43'^ 


. ic ’ 

a seoor 

-3.25' 

.44'? 
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Touchstont 

(TM'' - 

Configur«tt C0 

1700 101 

1 S 1 I 3 2357 1000 1 15562 ’ 


LOSFF 

.OUT Tue AuQ :i 

09:30:07 

1990 

9.97090 

-0.209 

-1.394 

-14.696 

- 14 . 9:3 


9.99000 

-0.!70 

-1.3S0 

-15.999 

-19.695 


9.99000 

-0.139 

-1.311 

-17.542 

-16.509 


9.90000 

-0.107 

-1.276 

-19.932 

-17.691 


9.91000 

-0.096 

-1.249 

-21.947 

-19.474 


9.92000 

-0.074 

-1.227 

-24.277 

-19.025 


9.93000 

-0.073 

-1.214 

-24.582 

-19.009 


9.94000 

-0.093 

-i.:n 

-2:.34> 

-18.369 


9.9S000 

-0.109 

-1.216 

-19.630 

-17.303 


9.9S000 

-0.139 

-1.231 

-17.295 

-16.069 


9.97000 

-0.196 

-1.296 

-19.382 

-14.833 


9.99000 

-0.243 

-1.290 

-13.904 

-13.673 


9.99000 

-0.3tt 

-1.332 

-»2.49e 

-•2.619 


10.0000 

-0.399 

-1.392 

-11.375 

-1 I.674 


10.0100 

-0.472 

-1.439 

-10.427 

-10.834 


10.0200 

-0.963 

-1.901 

-9.611 

-10.087 


10.0300 

-0.699 

-1.969 

-9.907 

-9.426 


10.0400 

-0.797 

-1.638 

-9.297 

-8.841 


10.0900 

-0.997 

-1.710 

-7.756 

-8.322 


10.0600 

-0.996 

-1.793 

-7.305 

- 7.866 


10.0700 

-1.094 

-1.996 

-6.904 

-7.462 


10.0900 

-1.149 

-1.927 

-6.555 

-7.108 


10.0900 

-t.229 

-1.399 

-6.253 

-6.799 


to .1000 

-1.322 

-2.059 

-5.994 

-6.5:' 


lO.nOO 

-1.400 

-2.119 

-5.772 

-5.294 


10.1200 

•!.470 

“3.1*^3 

•5.594 

-6.0=4 


'0.1300 

-1.93' 

-2.220 

-5.4:3 

-5.926 


to.!400 

-1 .S9i 

•3.:S’ 

-5.201 

-5.7=5 


to.'900 

-'.926 

-2.254 

-9.202 

-5.8'4 


10.1900 

-1.699 

•3.3’ ? 

-5,130 

-5.65= 


10.!700 

-'.929 

-:.224 

-9.293 

-5.529 


to.'900 

-1.69= 

-2.342 

-5.062 

-5.495 



-1.696 

•:.339 

-5.265 

-9.486 


'0.2200 

-' .9-2 

-Z-~2Z$ 

-5.09* 

-5.502 


lO.O'OO 

.515 

“Z 30“ 

-5.15- 

- 5.545 


'0.2220 

-’.90= 


-5.212 

•5.514 


to.2300 

-1.555 

-- *•*•« 

-5.35" 

-9.''1 


ic.neo 

.49; 

-:. '90 

-5.52"’ 

-5.=:= 


'0.2920 

-1 .4C“ 

-2.'21 

-5.554 



I?.CSCv 

-1 .245 

-2.07' 

-5.3:: 

-5.1rS 


■'2.2'CO 

.Zzi 


-6.'=9 

- 5 . 4 ;= 



«t . c; 

. t C-- 

--.="? 

- 4 . 


'0.2=00 


-J 5^9 

-5.5o: 

-5.55= 


'o.:?co 

-3 944 





•e.z'co 

-3.9:5 

*' .55: 

-".rt: 



'2.ZZZZ 


.5*9 

-5.44= 

-5. '09 


\2.Z2ZZ 

—3 5: ‘ 

-•.5=2 

-5.055 

“5 .si: 


•e.zios 

-3.544 

-•.499 

-9.*;4 

-S. 3 ’ r 


10.2900 

-2.4*9 

.450 

-10.lO" 

-5.:45 


'0.2900 

-3.4:5 

-».14* 

-10.90' 

-9 161 


'c.:"cc 

-3 4 • : 

.44" 

4 

-5. 454 


^2.Zzo: 

-:.4:3 

- • 4=:' 

-'0.9C9 

-9.:'0 


1 i;» “Srt-’ 

-3 4=: 

• 1 szr 


z< ’ 



cz: 

• 1 C4= 




'2 -I’C? 



-9.2-1 

" = 
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Touchstone <TM) - Conf lauret ion\ !00 i?00 tCl 16412 2257 ’00C 1553 

LOSFF.OU'T Tue Auq 21 09t30:07 1990 


!e.«2ee 

-0.956 

-1.992 

-7.346 

-6.928 

io.43ee 

-1.210 

-2.206 

-6.383 

-6.202 

l•.44ee 

-1.510 

-2.463 

-5.516 

-5.511 

ie.4S0a 

-1.853 

-2.767 

-4.’’S3 

-4.874 

11.4600 

-2.233 

-3.097 

-4.093 

-4.292 

10.4700 

-2.644 

-3.456 

-3.527 

-3.785 

10.4800 

-3.079 

-3.839 

-3.043 

-3.333 

10.4900 

-3.533 

-4.241 

-2.633 

-2.938 

10.5000 

-4.001 

-4.659 

-2.294 

-2.594 

10.6000 

-8.690 

-9.002 

-0.674 

-0.874 

10.7000 

-12.603 

-12.780 

-0.291 

-0.406 

10.8000 

-IS»7U 

-15.835 

-0.150 

-0.245 

10.9000 

-18.217 

-18.313 

-0.097 

-0.178 

11.0000 

-20.264 

-20.348 

-0.071 

-0.146 

11.1000 

-21.956 

-22.034 

-0.056 

-0.131 

11.2000 

-23.361 

-23.437 

-0.048 

-0.123 

11.3000 

-24.531 

-24.606 

-0.042 

•0.119 

11.4000 

-25.500 

-25.577 

-0.039 

-0.119 

11.5000 

-26.297 

-26.376 

-0.036 

-0.119 

11.6000 

-26.942 

-27.024 

-0.035 

-0.122 

11.7000 

-27.452 

-27.536 

-0.034 

-0.125 

11.8000 

-27.839 

-27.927 

-0.034 

-0.129 

11.9000 

-28.114 

-28.205 

-0.033 

-0.132 

12.0000 

-28.286 

-29.382 

-9.033 

-0.137 
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